Abstract: This paper presents a method for choosing a doublet design for the correction of longitudinal chromatic, spherical and coma aberrations. A secondary dispersion formula is utilized to sort out minimal longitudinal chromatic aberrations for the doublet. The program is developed with the Matlab software. An optimal doublet design to efficiently reduce both spherical aberration and coma will incorporate glass combination with a sufficiently large difference in the V-numbers and small powers. We succeed in obtaining an optimal doublet design with the proposed method.
Introduction
Doublets are suitable for many applications where the field angle is limited to a few degrees. There have been a variety of methods for doublet design proposed by several researchers. Sharma has used the double-graph technique for the doublet designs [1] . Banerjee and Hazra studied the performance of genetic algorithms with respect to a relatively simple structural of lens design problem [2] . Robb has developed a method for the correction of axial color for at least three wavelengths using two different types of glass, and certain combinations may be found which are corrected at four and five wavelengths [3] . Sun has proposed an improved optimization method for doublet design using the shape factor of the third-order aberrations of a thick lens to compensate for high-order aberrations [4] .
In this study, choosing the most appropriate glass for the doublet is the key. We use the equation for achromaticity based on a thin lens to determine what type of glass to use [5, 6] after which we only need consider the spherical aberration and the coma of the Seidel aberration (for a thin lens). This is because the other aberrations are small enough that their effect on the field angle is only a few degrees. We need control only two aberrations to reduce the ray fan area, and thus obtain superior image quality.
Theory
In a lens design with a large field angle, seven different types of aberrations must be considered, including the longitudinal chromatic and lateral chromatic aberrations, spherical aberration, coma, astigmatism, field curvature and distortion. The doublet design must include two shape factors and two powers. Except for a fixed focal length lens, three different aberrations can be eliminated. To preserve image quality with a doublet design, it is only necessary to consider a small field angle. The longitudinal chromatic and spherical aberrations are independent of the field angle, but dependent on the pupil size. Thus we choose the longitudinal chromatic and spherical aberrations here. In addition, the coma aberration is also chosen because it is slightly been affected by the field angle.
The secondary spectrum equation can help to find an optimum value for the longitudinal chromatic aberration for all of the doublet glass combinations. In our approach it is suggested that the doublet that gives a large difference in the V-numbers and has a small power be chosen. This is the one that will lead to an efficient reduction of both spherical and coma aberrations. Finally, an optimal design of doublet can be obtained by the proposed method.
Achromatic glass combinations
Based on the human spectral response normalized to a maximum of one, as shown in Fig. 1 
We only consider SCHOTT glass data; the types of glasses are sorted according to the Abbe number [7] . 
where 1 C and 2 C represent the curvatures of the front and rear surfaces, respectively.
The primary color (δ ) is the difference in the power between the 460 nm light and 647 nm light [8, 9] 555 460 647 555
The partial dispersion coefficient 555 
The secondary spectrum ε of a single lens is given by 555,647 555 647 555 555
Assume that the power 555 K of the doublet can be calculated by 
The secondary spectrum ε is expressed as 
Area of longitudinal chromatic aberration
The relation between the secondary spectrum, partial dispersion and Abbe number is formulated as in Eq. (10) . The relationship between partial dispersion and Abbe number is shown in Fig. 2 . The set of glass combinations with the smallest difference in partial dispersions and the largest difference in Abbe numbers from the five sets is chosen to calculate the doublet glass combination. Figure 3 shows the glass combinations. Note that the focal length changes with the different wavelength. The vertical axis indicates the wavelength, the horizontal axis the focal point error, while point 0 indicates the focal point of the light source at the wavelength of 555 nm. Under the condition where the primary color is equal to zero, two focal points overlap (at the wavelengths of 460nm and 647 nm). The area of longitudinal chromatic aberration is calculated from the area of the above curves, as shown in Table 2 . We find that the area of the longitudinal chromatic aberration decreases as the secondary spectrum decreases. Thus the feature of longitudinal chromatic aberration can be judged by the value of the secondary spectrum. 
The third-order spherical aberration and the coma for a doublet can be calculated by
where S I1 and S I2 are the third-order spherical aberrations of the first lens and the second lens, respectively; S II1 and S II2 indicate the coma aberrations for the first lens and the second lens, respectively. If an object is at infinite distance, then the conjugate factor of both the first lens and the second lens are U 1 and U 2 , respectively, which gives
2 555 1 555
Since 1 Λ and 2 Λ are the shape factors for the first lens and the second lens, we substitute Eqs.
(11), (12), (15) and (16) into Eqs. (13) and (14) to find the solution for the shape factor. 
Thickening design of a doublet lens
After obtaining the shape factor of the doublet lens, we determine the lens thickness. The following equations are used in the computer program: 
where h 1 , h 2 , h 3 and h 4 are the marginal ray heights for each surface indicating the thicknesses of the doublet. Consider the stop arrangement at the first surface of the front lens. If the curvature factor is kept constant, then the power and shape factor do not change during the lens thickening procedure. We use the paraxial ray formula to find the marginal ray height and the curvature for each surface. Finally, We obtain the finished optical doublet design. Figure 4 shows a flow chart of the doublet design process. The design data for the initial stage are taken from Len Design Fundamentals by Rudolf Kingslake [9] . The design parameters are effective focal length of 10mm; F-number of 3.333; and semi-field angle of 1°. The longitudinal chromatic aberration is first analyzed by looking at primary color and the secondary spectrum formulas. The glass combination needed to obtain smaller longitudinal chromatic aberrations and the power of each lens are found. Next, the shape factor of each surface can be calculated using the formula for third-order spherical aberration and coma for a thin lens. The curvature of each surface is found by the lens thickening process. Both the third-order spherical aberration and coma are controlled. The on-axis RMS spot size in the spot diagram should be less than the diffraction-limited value so that observed area of the aberration curves in the 1.0 field meets the requirement of the spot diagram. If this condition is not satisfied, it is necessary to select an alternative glass combination. Finally, we obtain an optimal doublet design for which the on-axis RMS spot size is less than the value of the diffraction-limited, and ray aberration in the 1.0 field and longitudinal chromatic aberration are smaller. The sensitivity of the human eyes varies with the light wavelengths. The weighting factors for the three different wavelengths are defined in table 3. The area of the aberration curves from the ray-fan diagram is determined from the average area of the sum of the aberration curves at the above three wavelengths multiplied by the weighting factor. 
Design procedure

Design examples
Several design examples for the doublet are presented. A plot of the partial dispersion versus the Abbe number is shown in Fig 5 . Table 4 shows a comparison of the glass combinations. The area of longitudinal chromatic aberration is the largest for the combination of K3 and F4. The area is the smallest for the combination of LITHOTEC-CAF2 & P-SK57. The largest lens power is obtained for the combination of LITHOTEC-CAF2 & P-SK57; the smallest power for LITHOTEC-CAF2 & N-SF66. An optimization design data is taken from Kingslake's lens data. The area of the longitudinal chromatic aberration and the on-axis RMS [4] in the spot diagram are shown in table 5. We calculate the radius of the Airy disk (according to the Airy Disk definition [11] at a wavelength of 555 nm is 2.255×10 -3 mm. The on-axis RMS in the spot diagram for the doublet design is 2.2481×10 -3 mm, which is less than the radius of the Airy disk. However the area of the longitudinal chromatic aberration curve is the largest of all of the glass combinations. A look at table 6 shows that it has the largest difference in the area of the rayfan curve for the above three wavelengths. The ray-fan diagram and on-axis spot diagram for the doublet are shown in Fig. 6(a) . The modulation transfer function (MTF) is shown in Fig. 6 (b). The MTF plot reveals the image quality. The on axis RMS of the 555 nm spot diagram at is less than the radius of the Airy disk for this glass combination. It is obvious that the poor on-axis aberration at other wavelengths, caused by the on-axis MTF of the white light cannot reach the diffraction-limited. Table 7 shows the data for the LITHOTEC-CAF2 and P-SK57 glass combinations. The chromatic aberration is excellent for all four glass combinations although it can be seen that the larger the lens power, the worst the aberration behavior; see table 8. It is obvious that the difference in area of ray-fan diagram for different wavelengths is small. However, it is the larger lens power with the worst aberration which leads to the worse MTF case, as shown in Fig. 7 . The LITHOTEC-CAF2 and N-SF66 glass combination is chosen for the doublet since this is the one with the largest difference in Abbe numbers and the small lens power of each lens. A look at table 9 reveals that the RMS of on-axis spot diagram is less than the value of the diffraction-limited. The area of the longitudinal chromatic aberration is 0.3029 µm 2 . The glass combination which is ranked only lower than K3 and F4 is shown in table 4. Table 10 shows the areas of the ray-fan curves at three wavelengths. They have a large difference. The MTF plot is shown in Fig. 8 . The on-axis MTF of a white light is less than the value of the diffraction-limited (for the large longitudinal chromatic aberration). The off-axis MTF is affected by the on-axis MTF and cannot reach the diffraction-limited. The RMS of the on-axis spot diagram for the last combination, N-PK51 and N-LASF31A, is much less than the value of the diffraction-limited. The area of the longitudinal chromatic aberration is less than that of the LITHOTEC-CAF2 and N-SF66 combination, as shown in table 11. Table 12 shows the area of the ray-fan curve at three wavelengths. There is only a small difference. As seen in Fig. 9 , both the on-axis MTF and off-axis MTF are very close to the value of the diffraction-limited. 
Conclusion
An optimal design for a doublet includes a combination of different types of glass chosen for both the small area of the longitudinal chromatic aberration curve and lower power of each lens. The area of the longitudinal chromatic aberration curve can be controlled by the partial dispersion of the lens. In this study, we find a well-chosen method for glass combination of a doublet design. A good design has a larger difference in the Abbe numbers and small lens powers of each lens.
